In most oviparous animal species, oocyte growth occurs via the uptake of plasma egg yolk precursors, predominantly vitellogenins (Vtg). These glycolipoproteins are members of the large lipid transfer protein superfamily and key players in reproduction. While the vertebrate liver has been demonstrated to synthesize large amounts of Vtg, mostly under 17beta-estradiol control, the ability of other tissues to express significant amounts of Vtg has not been conclusively demonstrated. RT-PCR revealed vtg1 transcripts in female zebrafish and rainbow trout white adipose tissue (WAT). It was also found to coexpress mtp, known to perform the intracellular lipidation of Vtg prior to secretion. The liver and pancreas markers apobb2 and ins, or ela2, respectively, were not expressed in adipocytes. Whole-mount in situ hybridization and in situ RT-PCR tests of histological sections revealed vtg1 signal in adipocytes, whereas no signal was detected in infiltrated pancreatic islets. Transcript expression of vtg1 was induced in WAT of 17beta-estradioltreated males, and the transcript and corresponding protein were detected in the thin rim of cytoplasm surrounding the adipocyte. Real-time quantitative RT-PCR showed that rainbow trout perivisceral WAT vtg1 transcript levels were high during early compared to late vitellogenesis. Taking normalized mRNA levels and tissue somatic index into account, vtg1 transcript levels at the beginning of oocyte yolk deposition were approximately 45 times lower in WAT than in liver, and these levels were not correlated to plasma Vtg and 17beta-estradiol concentrations. These findings suggest that WAT Vtg is implicated in providing components to the ovary during the early stages of vitellogenesis.
INTRODUCTION
In the reproductive biology of most oviparous species, it is generally accepted that vitellogenin (Vtg) is produced in the liver of females, mainly under estrogen control, secreted in the form of a high molecular weight glycolipoprotein, and transported via the bloodstream to the ovaries. Developing oocytes take up Vtg via receptor-mediated endocytosis and deliver it in the form of yolk precursor components. Vtg is a member of the ancient large lipid transfer protein (LLTP) superfamily [1, 2] . In animals, the biogenesis of most lipoprotein classes requires LLTP members, including the large microsomal triglyceride transfer protein (MTP) subunit, vertebrate apolipoprotein B (apoB), Vtg, insect apolipophorin II/I precursor (apoLp-II/I), and crustacean apolipocrustacein [1] [2] [3] . These proteins play a pivotal role in the intracellular and extracellular transfer of lipids and liposoluble substances and have evolved in the context of a conserved dichotomy of animal lipid transport systems, related to the selective targeting of lipid delivery between somatic tissues and from them to growing oocytes [4] .
Lipid deposition and mobilization cycles in fat storage tissues are essential to provide material for female gametogenesis. These tissues provide egg yolk lipid precursors and components, particularly when dietary lipids are lacking due to the starvation condition of females. The ability to store fat in the form of cytoplasmic lipid droplets is conserved from yeasts to humans, with specialized lipid storage cells and tissues appearing in multicellular organisms. Long-term fat storage may occur in tissues of endodermal origin, such as the intestinal epithelium in Caenorhabditis elegans nematodes and shark liver. However, in most species, fat storage occurs in a mesodermal tissue, namely the fat body in insects or white adipose tissue (WAT) in vertebrates [5] . Insect adipocytes, the main fat body cells, store large amounts of triacylglycerols in the form of cytoplasmic lipid droplets. The adipocytes play a central role in the lipid metabolism required for growth and reproduction [6, 7] . In addition to their ability to express apoLp-II/I and release lipophorins, which provide a shuttle mechanism under the context of an open circulatory system [8] , insect female fat body cells synthesize Vtg, which is secreted into the hemolymph and then sequestered by competent oocytes via receptor-mediated endocytosis [9] [10] [11] [12] .
In vertebrates, a fine control of body lipid homeostasis was acquired by interposing the liver as a nutrient sensor organ in direct contact with the blood flow. Very-low density lipoproteins (VLDL) secreted by the liver form part of a triacylglycerol/fatty acid cycle, shuttling diet-derived fatty acids between the liver and adipose tissue [4] and, in some cases, to the growing oocytes of oviparous species, as shown in teleost fish [13, 14] and birds [15] . The main role of vertebrate WAT is to store excess dietary calories in triacylglycerol form and mobilize these reserves when calorie expenditure exceeds intake. Mature adipocytes are highly specialized cells with storage and mobilization functions. WAT releases nonesterified fatty acids during lipolysis, buffered with extracellular fatty-acid-binding proteins (e.g., albumin). While the insect fat body is able to secrete large amount of lipophorins and Vtg, it is unclear whether vertebrate WAT is capable of synthesizing lipoproteins.
In teleost fish, recent findings suggest that the liver is not the only Vtg synthesis site and that several other tissues may be involved in this process. Expression of vtg was described in Gobiocypris rarus heart and brain [16] , Tanichthys albonubes ovaries, gills, and testes [17] , and zebrafish gills [18] and heart [19] . Under conditions of endocrine disruptor treatment, vtg expression was also induced in the skin of Salmo salar [20] . A previous study of zebrafish (Danio rerio) reported the expression of several vtg genes in WAT [21] . The very wide distribution of WAT throughout the body may explain the extrahepatic vtg expression previously reported. However, whole-mount in situ hybridization revealed zebrafish vtg3 and vtg5 transcripts in several embryonic structures during development [22] (the database is available from http://zfin. org/]. In addition to vtg, another LLTP gene, mtp (MTTP), is expressed in Atlantic salmon adipocytes [23, 24] , as well as human and mouse adipocytes [25, 26] . This endoplasmic reticulum lipid transfer protein is critical for apoB and Vtg secretion [27, 28] , as well as for transferring phospholipids to CD1d and regulating the CD1 family of lipid antigenpresenting molecules [29] .
The aim of this study was to clarify the ability of teleost WAT to express Vtg in two freshwater fish models with different ovarian reproductive cycles: zebrafish, as a model of asynchronous ovaries with short-term spawning; and rainbow trout (Oncorhynchus mykiss), with synchronous ovaries and an annual reproductive cycle. Our data provide evidence for vtg1 and mtp expression in the WAT and suggest the presence of a potential Vtg metabolic link between WAT and ovaries during early vitellogenesis.
MATERIALS AND METHODS
Procedures relating to the care and use of animals were compliant with the International Guiding Principles for Biomedical Research Involving Animals as promulgated by the Society for the Study of Reproduction.
Animals
Wild-type adult zebrafish were initially purchased from a commercial source (Exomarc, Lormont, France). They were raised in water (90 lg/ml Instant Ocean [Aquarium Systems, Sarrebourg, France], 0.58 mM CaSO 4 , 2H 2 O, dissolved in reverse-osmosis-purified water) at 28.58C with a 12L:12D photoperiod. They were fed ad libitum TetraMin flakes (Tetra GmbH, Melle, Germany) containing 48% proteins, 8% lipids, 11% ash, 2% fibers, and 6% moisture. Diploid female rainbow trout were raised at fish farm facilities (Viviers de France, Sarrance, France) with a constant water temperature of 88C and natural photoperiod. Trout were hand-fed 1.5% of their body weight twice per day with a diet contained 90% dry matter (DM), 50% crude protein DM, 25% crude lipid DM, and 14% starch DM.
Zootechnical Parameters and Blood and Tissue Sampling
Zebrafish were sampled after carefully removing the left lateral flesh (Fig.  1 ). Dorsal WAT (DWAT), localized above and between the two swim bladder chambers, and ventral WAT (VWAT), surrounding the intestinal tract, were removed, as were liver lobes and anterior intestine. Rainbow trout were sampled after they entered their first annual reproductive cycle, in early vitellogenesis (EV; month 17, August), mid-vitellogenesis (MV; month 19, October), and late-vitellogenesis (LV; month 21, December). The body, perivisceral WAT, ovaries, and liver of each animal were weighed to calculate the perivisceral adiposomatic, gonadosomatic, and hepatosomatic indexes (GSI, HSI, PASI, respectively; using the equation, tissue weight/body weight 3 100). Blood was removed by intracardiac puncture and then plasma was recovered, as previously described [30] , and stored at À808C until analysis. The samples used for whole-mount in situ hybridization or immunofluorescence studies were fixed in 4% paraformaldehyde (PAF) at 48C overnight, rinsed three times in PBS (137 mM NaCl, 2.7 mM KCl, 0.02 M PO 4 ), then rinsed and transferred into 100% methanol, and stored at À208C until analysis. Samples for reverse transcription (RT)-PCR and real-time quantitative RT-PCR (qPCR) were immediately frozen in liquid nitrogen for storage, pending RNA extraction.
Exposure of Adult Zebrafish to 17b-estradiol
Static exposure experiments were conducted at the lowest observed effect of nominal 17b-estradiol concentrations and exposure times to obtain a significant vtg1 transcript expression level in male zebrafish [31] . 17b-Estradiol stock solution at 1 mg/ml was prepared in 50% ethanol and 0.8% NaCl, and animals were exposed to 1 lg/L for 64 h. Controls received the vehicle only.
Histological Analysis
VWAT sample, fixed in modified Bouin solution (75% picric acid, 25% formalin) for 3 to 4 h were dehydrated, embedded in paraplast, sectioned at 5 lm, and stained with Masson trichrome stain.
Whole-Mount Immunofluorescence Studies
Whole-mount immunofluorescence studies were carried out with dissected pieces of zebrafish VWAT from males, 17b-estradiol-treated males, and females. Samples were fixed in 4% PAF at 48C overnight, rinsed four times for 5 min in PBS and transferred to blocking solution containing 0.1% bovine serum albumin (BSA), 5% sheep serum, and 0.1% Tween-20 in PBS at 378C for 1 h. Immunodetection was performed at 378C for 2 h with 1:100 diluted primary monoclonal antibody against zebrafish Vtg (mouse anti-zebrafish Vtg; code JE-10D4; Biosense Laboratories AS, Bergen, Norway) in a solution containing 0.1% BSA, 2% sheep serum, and 0.1% Tween-20. After samples were rinsed three times for 5 min with PBS, Alexa Fluor 488 goat anti-mouse immunoglobulin G (IgG; Invitrogen, Eugene, OR) diluted 1:300 in PBS was applied, as fluorescently conjugated secondary antibody, at room temperature for 1 h. After rinsing three times for 5 min with PBS, fluorescence images were obtained using a Nikon Eclipse E1000 (Nikon, Champigny sur Marne, France) microscope equipped with a Nikon Intensilight C-HGFI unit.
Whole-Mount In Situ Hybridization Studies
Digoxigenin-labeled sense and antisense riboprobes targeting zebrafish fatty acid binding protein 11a ( fabp11a) and vitellogenin 1 (vtg1) transcripts were produced. Complementary DNA fragments were produced using specific primers (see Supplemental Table S1 available online at www.biolreprod.org) and cloned in pGEMt-easy (Promega, Charbonnières-les Bains, France), as described by the manufacturer. Subsequent T7/SP6 amplification was performed, and PCR products were purified. Two to three hundred nanograms were used as the matrix for digoxigenin-labeled riboprobe synthesis, using the Dig RNA labeling mixture (Roche Diagnostics, Meylan, France) and T7 RNA polymerase or SP6 RNA polymerase (Promega, Charbonnières-les Bains, France). Probes were then purified on ProbeQuant G-50 Micro Columns (GE Healthcare Life Sciences, Orsay, France) and checked for purity by denaturing agarose gel electrophoresis. In situ hybridization was performed as previously described [32] , with the following modifications. After samples were stored in methanol at À208C, as described above, they were then gradually rehydrated, treated with 10 lg/ml proteinase K for 10 min, and post-fixed. After 2 h of prehybridization at 708C, samples were hybridized at 708C overnight with 100 ng/ml sense or antisense digoxigenin-labeled riboprobe. After several thorough washes, samples were transferred to blocking solution containing 2 mg/ml BSA, 2% sheep serum, and 0.1% Tween-20 in PBS at 378C for 1 h. For digoxigenin immunodetection, samples were incubated in blocking solution containing anti-digoxigenin-AP Fab fragments (Roche Diagnostics) diluted 1/ 10 000, at 378C, for 2 h. Enzyme activity was revealed using BM purple (Roche Diagnostics), and the reaction was left to develop at room temperature or 48C for 1 to 30 h.
Indirect In Situ RT-PCR of Histological Sections
In situ RT-PCR was performed as previously described [33] , with the following modifications. Zebrafish female visceral cavities and those of males, which were used as a negative control, were dissected and fixed in 4% PAF at 48C overnight. Samples were dehydrated in increasing concentrations of ethanol, up to 100%, transferred to xylene, and embedded in paraplast. Sections of 10 lm were cut and left to attach to SuperFrost Plus Gold slides (Thermo Fisher Scientific, France) at 378C for 48 h. Sections were gradually rehydrated, fixed in 4% PAF at room temperature for 20 min, digested with 1 lg/ml proteinase K at 378C for 15 min, and postfixed in 4% PAF. Sections were then treated with 5 units of DNase RQ1 (Promega, Charbonnières-les Bains, France) at 378C for 1 h, which was followed by an inactivation incubation step at 858C. Reverse-transcription was then performed with a medium containing 0.5 lM zVTG1-R primer (see Supplemental Table S1 ) and 10 units of MMLuV-RT enzyme (Promega) according to the manufacturer's instructions. Slides were then processed for PCR amplification under standard conditions in 25 cycles using 0.3 lM of primers zVTG1-F and zVTG1-R (see Supplemental Table S1 ). At the end of the procedure, slides were heated to 928C for 2 min, washed in PBS, transferred to 100% ethanol, and dried. Slides were prehybridized in hybridization buffer containing 50% formamide, SSC 53 (13 is 0.15 M NaCl and 0.015 M sodium citrate), 5 mM EDTA, 100 lg/ml yeast RNA, and 50 lg/ ml heparin, at 488C for 30 min. Samples were hybridized using 100 ng/ml vtg1 antisense digoxigenin-labeled riboprobe in hybridization buffer at 488C TINGAUD-SEQUEIRA ET AL.
overnight. Slides were rinsed twice in SSC 23 at 488C for 20 min and twice in PBS at room temperature and then transferred to blocking solution containing 2 mg/ml BSA, 2% sheep serum, and 0.1% Tween-20 in PBS at 378C for 30 min. Digoxigenin immunodetection was performed in blocking solution containing anti-digoxigenin-AP Fab fragments (Roche Diagnostics) diluted 1/500. Enzyme activity was revealed using BM purple (Roche Diagnostics), and the reaction was left to develop at room temperature for 4 h and then at 48C overnight.
RT-PCR Analysis
Total RNAs were isolated from livers and intestines using RNeasy minikit or QIAzol lysis reagent (Qiagen S.A., Courtaboeuf, France). WAT samples were processed using the RNeasy Microkit. On-column DNase I treatment was included to avoid any genomic DNA contamination. For 1 lg of total RNAs extracted from zebrafish tissue, RT-PCR was performed using 0.3 lg of oligo-(dT) and the affinity qPCR cDNA synthesis kit (Agilent Technologies, Santa Clara, CA), following the manufacturer's instructions. Rainbow trout samples were processed with 500 ng of total RNAs and reverse transcribed using 0.2 lg of oligo-(dT), as indicated above. The resulting cDNAs were used to amplify transcript fragments of vtg1, mtp, fabp11a, apolipoprotein B b2 (apobb2), estrogen receptor 2a (esr2a), insulin (ins), elastase 2 (ela2), peptidylprolyl isomerase A2 (ppia2), and elongation factor 1-alpha (ef1a) from zebrafish and vtg1, fabp11, insulin 1 (ins1), and insulin 2 (ins2), ela2, and ppia from rainbow trout tissues. The reference sequence, design details, size of the fragment produced, and melting temperature (Tm) of the primer pairs used are described in Supplemental Table S1 . PCR was carried out using 1 ll of RT reaction product diluted 1/5 in a final volume of 20 ll containing 13 PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 0.2 lM forward and reverse primers, and 1 unit of Taq polymerase enzyme. PCR was performed using zebrafish samples under standard conditions with 35 amplification cycles for vtg1 and mtp, 30 cycles for fabp11a, apobb2, esr2a, ins, ela2, and ppia2, and 27 cycles for ef1a. Rainbow trout PCR consisted of 40 cycles for vtg1 and 35 cycles for fabp11, ins1 and ins2, ela2, and ppia. Qualitative PCR was also carried out with 2 ll of RT reaction product diluted 1/40 in a final volume of 20 ll containing 10 ll Brilliant SYBR Green QRT-PCR Master Mix and 0.25 lM of each primer. An aliquot of the PCR reaction was electrophoresed on 1.5% agarose gel containing ethidium bromide, and PCR products were visualized and photographed.
Real-Time Quantitative RT-PCR
Transcripts were amplified using the MX 3000P qPCR thermal cycler (Stratagene, Amsterdam, The Netherlands). The qPCR amplifications were carried out in a final volume of 20 ll, containing 10 ll of Brilliant SYBR Green qPCR Master Mix (Stratagene), 0.25 lM of each oligodeoxyribonucleotide primer, and 3 ll of diluted (1/40) rainbow trout liver cDNAs or 3 ll of diluted (1/20) rainbow trout WAT cDNAs. In each run, 3 ll of serial dilutions of cDNAs with 5 to 6 dilution points were included, using a pool of cDNAs from the samples to be quantified to generate standard curves representing the cycle threshold (C T ) value as a function of the logarithm of the number of copies generated. Amplifications were carried out with a systematic negative control (NTC-nontemplate control containing no cDNAs). Each RT from the same sample was amplified in triplicate. In order to standardize the results by eliminating variations in mRNA and cDNA quantity and quality among samples, the transcript level of a normalizing gene, ppia, was also quantified. The reference sequence, design details, size of the fragment produced, and Tm of the primer pairs used are described in Supplemental Table S1 . The qPCR profiles contained an initial denaturation step at 958C for 10 min, followed by 30 to 35 cycles consisting of 30 sec at 958C, 30 sec at the specific primer pair annealing Tm, and 2 to 4 sec at 728C. After the amplification phase, 1 min of incubation at 958C and 30 sec at 558C were followed by a ramp up to 958C at 0.018C/sec, where data were collected in continuum to obtain a dissociation curve. The qPCR product sizes were checked on 1.5% agarose gels. No amplification was observed in RT negative controls and no primer-dimer formation occurred in the NTC. Quantitative RT-PCR efficiency was greater than 90%, and the correlation coefficient was .0.97 for each run.
Plasma Vtg and 17b-Estradiol Assays
Concentrations of Vtg were determined in rainbow trout plasma samples by using the rainbow trout Vtg ELISA kit (Biosense Laboratories, Bergen, Norway). Concentrations of 17b-estradiol were determined using the estradiol EIA kit (Cayman Chemical Company, Ann Arbor, MI).
FIG. 1. Anatomy of the general/visceral cavity of an adult zebrafish female. The left lateral flesh was carefully removed to reveal the internal organs. A)
General view at trunk level with the head to the left. B) Enlarged view at swim bladder (sb) level. C) Enlarged view at rectum level. DWAT is attached to the dorsal limit of the visceral cavity, above and around the two swim bladder chambers, and is covered by an epithelium rich in pigmented cells (pc). VWAT spread over the digestive tract. af, anal fin; ai, anterior intestine; l, liver; o, ovary; m, muscle; pi, posterior intestine; s, skin. Bar ¼ 2 mm.
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Statistics
All statistical analyses were conducted using GraphPad InStat version 3.5 software. Values are presented as means 6 SEM. Means were compared in reference to a control group by using the nonparametric Mann-Whitney U-test. The significance level was set at 0.05. Quantitative RT-PCR data were analyzed using REST 2008 software (available from http://rest. gene-quantification.info/) [34] . Relationships between normalized transcript levels and Vtg or 17b-estradiol plasma concentrations were analyzed for statistical significance by linear regression and correlation.
RESULTS
Visceral WAT in Zebrafish and Rainbow Trout
The two main WAT masses in the general/visceral cavity of zebrafish females were named dorsal (DWAT) and ventral WAT (VWAT), according to their relative localization in the cavity (Fig. 1A) . DWAT spread from the anterior dorsal limits of the cavity to the rectum, above and around the two swim bladder chambers (Fig. 1, A and B) . Abundant VWAT was closely associated with the digestive tract on the ventral side and associated with liver lobes at some points. This large fat mass was associated with the first loop of the anterior intestine, as well as the posterior intestine, close to the rectum (Fig. 1C) . Similarly, the rainbow trout digestive tract was characterized by a prominent perivisceral WAT surrounding the pyloric caeca and both the anterior and posterior intestines (data not shown). Histological sections of zebrafish VWAT demonstrated a loose fibrous connective tissue with reduced extracellular matrix and abundant adipocytes of 88.59 6 3.89 lm (SD ¼ 626.60 lm, number of adipocytes used ¼ 50) in size. The WAT was scattered, with infiltrated pancreatic islets and blood capillaries filled with red blood cells and, possibly, macrophages (Fig. 2) . Each unilocular adipocyte contained a thin rim of cytoplasm and a nucleus.
Expression of vtg1 in Female WAT
RT-PCR, using specific primers, detected vtg1 mRNA transcripts in zebrafish adult female liver (Fig. 3, lane 1) and WAT (Fig. 3, lanes 4 to 7) . An individual variability in WAT vtg1 transcript levels was observed among samples dissected from different animals (Fig. 1, lanes 4 to 6) . No transcripts were detected in male liver (Fig. 3, lane 2) or female anterior intestine (Fig. 3, lane 3) . mtp transcripts were detected in the three tissues examined, with relatively large amounts in both liver and intestine. Tissue expression of the esr2a transcript, also investigated by RT-PCR, revealed that the specific product was amplified from the total RNAs of all tissues examined. A similar intensity of amplified bands was also observed for the reference marker genes, ppia2 and ef1a. The apobb2, and fabp11a transcripts were used as specific markers of liver and WAT, respectively. As expected, an amplified band for fabp11a was obtained with WAT. The absence of apobb2 amplified product in intestine and WAT samples confirmed the absence of liver contamination during tissue sampling. This control is essential as the liver lobes extend along the intestinal tract (Fig. 1, A and B) . Two other marker genes, ins for endocrine and ela2 for exocrine pancreas, were used to evaluate for the presence of pancreatic islets in sampled tissues. Transcript levels of ela2 were remarkably high in liver and intestine samples. Variable amounts of ela2 and ins transcripts were found in a pool of DWAT and VWAT samples originating from three individual females (Fig. 1, lanes 4 to 6) . It should be pointed out that these transcripts were not detected in a sample pool of DWAT dissected from four females (Fig. 1,  lane 7) , thus confirming the absence of pancreatic islet infiltration in this WAT compartment. Under these PCR conditions, vtg1, mtp, fabp11a, and esr2a transcripts were significantly amplified, while no apobb2, ins, or ela2 transcripts were recovered from the DWAT pool. These results
FIG. 2. Histological section of VWAT of an adult zebrafish female.
Adipose tissue is mainly a collection of large unilocular adipocytes (a) bound together with a loose, fibrous, connective tissue and permeated by capillaries (c). Each adipocyte has a thin rim of cytoplasm (cy) and a nucleus (n). Possibly infiltrated pancreatic islets are indicated by white asterisks. pc, pigmented cell; rbc, red blood cell. Bar ¼ 40 lm.
FIG. 3.
Expression of selected target genes, including vtg1, in zebrafish liver, intestine, and WAT. Transcripts of vtg1, mtp, fabp11a, apobb2, esr2a, ins, ela2, ppia2, and ef1a were detected by RT-PCR. Gene expression patterns were obtained using total RNAs extracted from female liver (lane 1), male liver (lane 2), female intestine (lane 3), in a pool of DWAT and VWAT samples originating from three individual females (lanes 4, 5, and 6), and a sample pool of DWAT extracted from four females (lane 7). RT-PCR analysis for ppia2 and ef1a were performed to assess quantitative variations in mRNAs between samples. RT-PCR products were resolved by electrophoresis on agarose gels.
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eliminated the possibility of liver contamination in the DWAT sample and the hypothesis of vtg1 expression in zebrafish pancreatic islets.
The same RT-PCR methodology was applied to RNAs extracted from perivisceral WAT extracted from four EV and four LV rainbow trout, all females (Fig. 4) . Due to the large size of the animals, the large amount of perivisceral WAT, and the compact nature of the liver, there was no difficulty dissecting pieces of WAT in this species. The fabp11 transcript showed specific products amplified from the total RNAs of all samples used (Fig. 4) . As previously described in zebrafish, the presence of infiltrated pancreatic islets in WAT was tested using homologous marker genes for endocrine and exocrine pancreas. Transcripts of ins1 and ins2 were simultaneously amplified with common primers, resulting in two PCR products that were not distinguishable in the agarose gel used. As tissues were sampled randomly in female WAT, specific ela2 and ins1/ins2 products were amplified from samples of all animals used, with the exception of two in the LV condition (Fig. 4) . As previously described for zebrafish, the vtg1 mRNA transcript was amplified from all WAT samples. As in zebrafish, the absence of ins1/ins2 and ela2 transcript products in these two LV samples demonstrated the absence of infiltrated pancreatic islet cells in these dissected samples. This finding disproved the hypothesis of vtg1 expression in infiltrated pancreatic islet cells in perivisceral WAT. Interestingly, there was a higher proportion of the amplified vtg1 band in EV samples than in LV samples, while the band levels for the reference marker ppia transcript products were similar in all samples (Fig. 4) .
Tissue and Cell Localization of vtg Transcript in Zebrafish WAT
Whole-mount in situ hybridization was performed with VWAT with digoxigenin-labeled riboprobes for vtg1 and fabp11a transcripts, the latter being used as a positive control of a highly expressed gene in adipocytes (Fig. 5) . A strong, uniform fabp11a hybridization signal was localized in the thin rim of cytoplasm surrounding adipocyte lipid droplets (Fig.  5A) . The same experiments using a vtg1 probe gave a similar pattern but with a weaker hybridization signal (Fig. 5B) . Indirect in situ RT-PCR using histological sections of the visceral cavity revealed a strong vtg1 transcript signal in the liver and a weaker one in VWAT but no staining signal in the intestine (Fig. 5D) . Putative small adipocytes appeared more labeled than large unilocular ones. The staining signal was absent in putative pancreatic islets inside the VWAT. No staining signal was detected in VWAT treated with the sense probe (Fig. 5, A and B, insets) or with in situ RT-PCR on histological sections from adult males (Fig. 5C ).
Immunodetection of Vtg in VWAT and Its Induction by 17b-Estradiol
Immunofluorescence detection of Vtg was performed with pieces of adult zebrafish VWAT dissected from females ( Fig.  6A) , males (Fig. 6B) , and 17b-estradiol-treated males (Fig.  6C ). In females, as previously observed for the vtg1 hybridization transcript signal, a uniform immunolabeling signal was detected in the thin rim of cytoplasm surrounding the adipocyte lipid droplet (Fig. 6A) . Additional net-like fluorescence signals were also detected surrounding the lipid droplet of each adipocyte. Male VWAT gave no signal (Fig.  6B) . However, short-term exposure of males to 17b-estradiol induced in VWAT the Vtg immunolabeling signal surrounding the adipocyte lipid droplet apparently without the net-like signal (Fig. 6C) .
Induction of Zebrafish vtg1 After Exposure to 17b-Estradiol
Adult males were exposed to 1 lg/L 17b-estradiol in animal water for 64 h. Expression patterns of vtg1, apobb2, and ef1a were determined in liver and VWAT by using tissue samples from vehicle control-treated and 17b-estradiol-treated males (Fig. 7) . Irrespective of the conditions used, an amplified band was observed for the ef1a reference marker gene. RT-PCR revealed vtg1 transcripts in liver and VWAT from 17b-estradiol-treated males. The intensity of the amplified band for the liver varied among individual males. No amplified vtg1 band was found in the liver or VWAT from control animals. No apobb2-specific product was amplified from adipose tissue samples, thus eliminating the possibility of contamination of VWAT samples by trace amounts of liver fragments. Interestingly, there was a higher proportion of amplified apobb2 band in livers of 17b-estradiol-treated males than in those of controls.
Differential Expression of vtg1 During the Annual Reproductive Cycle of Rainbow Trout Females and its Correlation with Vtg and 17b-Estradiol Plasma Levels or GSI
The vtg1 transcript expression level was determined by qPCR analysis of liver and perivisceral WAT samples obtained from EV and LV female rainbow trout (Fig. 8) . Animals had an average body weight of 1234 g 6 56 g (n ¼ 5) and 1821 g 6 122 g (n ¼ 4) at EV and LV, respectively. GSI was 1.39 þ 0.20 at EL and 10.37 þ 0.55 at LV. A significant difference was detected between normalized vtg1 transcript levels in the liver and perivisceral WAT of EV and those of LV females (Fig. 8) . Hepatic vtg1 mRNA levels were approximately 10 times higher   FIG. 4 . Expression of selected target genes, including vtg1, in perivisceral WAT of female rainbow trout. Transcripts of vtg1, fabp11, ela2, ins1/ins2, and ppia were detected by RT-PCR. Gene expression patterns were obtained using total RNAs extracted from four individual females in the EV and LV stages. RT-PCR analysis for ppia was performed to assess quantitative variations in mRNAs between samples. The fabp11 transcript was used as a positive control for adipocytes. Specific amplified products from ela2 and ins1/ins2 transcripts were amplified as exocrine and endocrine pancreas markers, respectively. RT-PCR products were resolved by electrophoresis on agarose gels.
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in LV than in EV. An inverse relationship was found with perivisceral WAT, with only trace amounts of vtg1 transcript in LV and around 1000 more in the EV stage. This is consistent with the higher proportion of the amplified vtg1 band previously found by RT-PCR in EV samples compared to LV (Fig. 4) . In the EV stage, HSI and PASI were 1.65 þ 0.09 and 3.65 þ 0.37, respectively. In the EV stage, taking normalized vtg1 mRNA levels with ppia into account, together with the tissue somatic index, vtg1 transcript tissue mass levels were approximately 45 times less in adipose tissue than in the liver. Tissue and plasma samples were obtained from 14 females at different stages of ovarian development, i.e., EV, MV, and LV. Expression of vtg1 in the liver was positively correlated with plasma Vtg and 17b-estradiol concentrations (Fig. 9, A and C) and GSI (data not shown). In contrast, there was no correlation with perivisceral WAT (Fig. 9, B and D) .
DISCUSSION
In ray-finned fish, like other oviparous vertebrates, ovarian follicle enlargement occurs by accumulating yolk, containing the nutritional reserves required for embryo development, mostly from the blood stream [13, 35] . In response to 17b-estradiol, specific receptors in hepatocytes mediate the synthesis and release into the blood of Vtgs, the main egg yolk precursors in plasma, and VLDL [13, 36] . Once VTG has been secreted by hepatocytes, its dimerized form is transported via the bloodstream to growing oocytes, where it is internalized by receptor-mediated endocytosis [13, 35, 37] . VLDL components are lipolyzed under the action of lipoprotein lipase and incorporated into the growing oocytes [13, 14] . In addition to its role in yolk deposition, recent data demonstrated that teleost fish Vtg exhibits an agglutinin activity and may be involved in defense mechanisms [38] . FIG. 5 . Localization of fabp11a and vtg1 transcripts in the VWAT of zebrafish. A and B) Whole-mount in situ hybridization of dissected pieces of VWAT from adult females, using antisense or sense digoxigenin-labeled fabp11a (A) and vtg1 (B) riboprobes. The hybridization signal is colored dark-blue to purple. A strong, uniform fabp11a hybridization signal was localized in the thin rim of cytoplasm surrounding the adipocytes (A). The same localization was obtained with vtg1 antisense probe, with a weaker hybridization signal (B). No staining signal was observed using the sense probes as controls (A and B insets). C and D) Indirect in situ RT-PCR on histological sections from the visceral cavity using a primer pair designed for the vtg1 transcript cDNA sequence. The hybridization signal is colored dark-blue to purple. No staining signal was observed on the histological section from an adult male (C). Transcripts were highly concentrated in the liver (l) and, to a lesser extent, in the white adipocytes (a) of an adult female (D). A cluster of small labeled adipocytes is indicated by a white asterisk. A putative nonlabeled pancreatic islet is indicated by a black asterisk. No staining was observed in the intestine (i). Bar ¼ 50 lm.
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Apart from its role in storing triacylglycerols in the form of lipid droplets, the development and functions of the WAT in teleost fish were relatively unknown until recently. In these animals, the localization of WAT depots is sex-, age-, species-, and nutrition-dependent, and species such as zebrafish and rainbow trout have perfectly individualized WATs, similar to those in vertebrate tetrapods. Data for adipocyte lineage establishment are now available for zebrafish [39] [40] [41] , and an obesity syndrome may be induced at adult stages by genetic and dietary factors [42, 43] . Most of the data available for adipocyte differentiation, obtained from in vitro experiments, showed that the main stages in the differentiation and hormonal regulation of adipocytes in teleost fish were generally similar to those in mammals [44] [45] [46] [47] [48] . However, it should be pointed out that cell culture conditions, including cocktails of hormones and other factors, do not necessary reflect in vivo conditions, e.g., for hormonal control of adipogenesis and de novo lipogenesis and lipolysis. It is widely reported that teleosts reduce their lipid stores during gonadogenesis, directing them to the ovaries. In addition to dietary components, nutrients for ovarian growth are mobilized, for examples, from muscles in Salmo salar [49] , from abdominal fat depots in Clarias batrachus [50] , and from carcass and visceral lipid reserves in rainbow trout [51, 52] . Consequently, for example, in rainbow trout, full-grown gonads may account for approximately 20% of the total weight of the fish by the end of vitellogenesis [35] . However, the metabolic processes regulating fat deposition and mobilization and the energy metabolism during the reproductive cycle of teleost fish species are poorly understood.
The presence of several Vtg genes (Vtgs) has been demonstrated in the genome of nonmammalian Euteleostomi (bony vertebrates), mainly in a Vtg gene cluster that had been evolutionarily conserved in most oviparous species [53] . The zebrafish genome contains at least seven vtgs that encode heterologous Vtgs, mapped on two different chromosomes [21, 53] . Oncorhynchus species exhibit a unique VtgA locus containing a set of 20 highly similar series arranged in tandem. The vtgs of rainbow trout differ from each other as a result of insertion, deletion, and rearrangement events during evolution, but they exhibit a high degree of similarity at sequence level [54] . Northern blotting results for zebrafish showed vtgs transcripts expressed predominantly in the liver [21, 31, 55] . An extrahepatic expression of some of these genes was found in WAT in females [21] . Consistent with this finding, our data confirmed the presence of significant amounts of vtg1 mRNA transcripts in zebrafish female WAT and extended this finding to perivisceral WAT in female rainbow trout during early vitellogenesis.
In rainbow trout and zebrafish, like other teleosts, the pancreas is not a compact organ but is scattered along the digestive tract [56] [57] [58] [59] . Due to the small size of infiltrated pancreatic islets, it was impossible to eliminate the possibility of their presence during WAT dissection, leading to the hypothesis that Vtg was produced by pancreatic cells rather than adipocytes. In addition, the size and distribution of the endocrine pancreas, as well as its association with the exocrine pancreas, are variable in teleosts [56] . We used marker genes for both the endocrine (ins) [60] and exocrine (ela2) [58] pancreas, and RT-PCR results confirmed that vtg1 was specifically expressed in WAT. In addition, the position of DWAT, above and around the swim bladder chambers, was devoid of pancreatic islets as only the vtg1 transcript was amplified. Whole-mount in situ hybridization using dissected pieces of VWAT demonstrated a close association between the zebrafish vtg1 hybridization signal and adipocyte cytoplasm, similar to that observed with the fabp11a adipocyte marker. A homologous transcript is expressed in the WAT of the Senegalese sole (Solea senegalensis) [61] and is associated with adipocyte differentiation in zebrafish [39] and Atlantic salmon [62] . Indirect in situ RT-PCR, a powerful method for 
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detecting weakly expressed genes in histological sections, revealed vtg1 transcripts in VWAT and liver from females but not from males. Furthermore, no transcript signal was identified in infiltrated pancreatic islets.
After synthesis of the protein backbone, Vtg undergoes substantial post-translational modifications prior to secretion into the circulatory system. The Vtg molecule is phosphorylated, lipidated, and glycosylated, thus releasing a phospholipoglycoprotein that also provides a major supply of minerals, such as calcium, magnesium, zinc, and iron to the oocytes and, subsequently, to the developing embryo. Via their LLT module/LPD-N domain, Vtg have retained the capacity to bind and transport lipids, probably the ancestral function of LLTP [1, 63] . It has been suggested that this domain forms a lipovitellin-like ''proteolipid'' intermediate containing a pocket for lipid loading of Vtg [64] that requires MTP for assembly [63] . Drosophila MTP promotes the assembly and secretion of human apoB-41 [65] , and human MTP enhances the secretion of Xenopus laevis Vtg [65] . Our data demonstrated that vtg1 was coexpressed with mtp in WAT, while no apobb2 transcripts were found in the tissue. MTP is expressed in the adipocytes of mammals [25, 26] and Atlantic salmon [23, 24] . In zebrafish, mtp transcripts are also expressed in the liver and anterior intestine, as well as in the yolk syncytial layer during embryonic and early larval development [66] . These tissues are known to be sites of active lipoprotein synthesis in teleost fish, including zebrafish and rainbow trout [36, [67] [68] [69] . Coexpression of vtg1 and mtp in WAT and immunodetection of Vtg in adipocyte cytoplasm support the hypothesis that adipocyte Vtg is lipidated by MTP prior to a putative secretion. Rainbow trout Vtg is a very high-density lipoprotein [30] , containing around 20% lipids, approximately 2/3 phospholipids, together with triacylglycerols and cholesterol [70] [71] [72] . It remains to be determined whether Vtg expressed in adipocytes has the same lipid content and function as that secreted by hepatocytes.
In many teleost species, the hepatic synthesis of Vtg is induced by ovarian estrogens, 17b-estradiol being the most potent [73, 74] . Many estrogen actions are mediated by classic nuclear estrogen receptors belonging to a steroid/nuclear receptor superfamily of enhancer proteins. These important, ligand-activated transcription factors [75] have been characterized in various teleost fish species [76, 77] . The esr2a transcripts are expressed in zebrafish WAT. In zebrafish males, the appearance of vtg1 transcripts was associated with an immunoreactive Vtg signal in WAT following short-term exposure to 17b-estradiol, thus confirming the ability of zebrafish adipocytes to express Vtg. The induction of vtg1 mRNAs and up-regulation of the amplified apobb2 band also occurred in the livers of 17b-estradiol-treated males compared to controls. The latter finding is in accordance with the higher secretion rate of apoB-containing VLDL in 17b-estradioltreated juvenile rainbow trout [36] .
During the annual reproductive cycle of rainbow trout females, perivisceral WAT vtg1 transcript levels, as evaluated by qPCR, were higher during EV and lower during LV and were, therefore, not correlated with plasma 17b-estradiol concentrations. On the contrary, liver vtg1 transcript levels FIG. 7 . WAT vtg1 expression was induced by 17b-estradiol (E2) in male zebrafish. Transcripts of vtg1, apobb2, and ef1a were detected by RT-PCR. Gene expression patterns were obtained using total RNAs extracted from the liver and VWAT of three individual adult males treated with E2, as well as from untreated controls. RT-PCR analysis for ef1a was performed to assess the quantitative variation in mRNA between samples. The absence of amplified apobb2 product in WAT samples confirmed the absence of liver contamination during tissue sampling. Specific amplified vtg1 products were found in both the liver and VWAT of E2-treated males. RT-PCR products were resolved by electrophoresis on agarose gels. were correlated with Vtg and 17b-estradiol concentrations in plasma or GSI. It is well known that plasma Vtg and 17b-estradiol levels increase during vitellogenesis and decline around spawning [30, [78] [79] [80] . Plasma Vtg concentrations reflect a balance between the production of protein and its sequestration by growing oocytes. Taking normalized mRNA levels and tissue somatic index into account, at the beginning of oocyte yolk deposition, vtg1 transcript levels were approximately 45 times lower in WAT than in liver. This does not preclude the possibility that WAT Vtg plays a role FIG. 9 . Relationship between the normalized vtg1 transcript levels in liver (A and C) and perivisceral WAT (B and D) and plasma concentration of Vtg (A and B) and 17b-estradiol (C and D) in rainbow trout at different stages in ovarian development. The amount of ppia transcripts was used to normalize vtg1 mRNA levels, using REST 2008 software. Expression of vtg1 in livers was positively correlated with plasma Vtg concentrations (A). The slope of the calculated linear regression was significantly different from zero at P , 0.01, and the two variables were significantly correlated (Spearman r ¼ 0.796; twotailed P , 0.001). In contrast, there was no correlation with perivisceral WAT (B). Expression of vtg1 in livers was positively correlated with plasma 17b-estradiol concentrations (C). The slope of the calculated linear regression was significantly different from zero at P , 0.0074, and the two variables were significantly correlated (nonparametric Spearman r ¼ 0.780; two-tailed P , 0.001). In contrast, there was no correlation with perivisceral WAT (D).
during EV. This stage is characterized by a high level of VLDL in the plasma [30] and the accumulation of lipid droplets in oocyte cytoplasm, in the form of oil globules [35] . Many publications report the involvement of hormones other than 17b-estradiol in Vtg synthesis [13, 74] , and vtg1 expression in WAT is probably not solely under estrogenic control.
In conclusion, this study has shown that Vtg, a key player in reproduction and embryo development, is expressed in the WAT of female zebrafish and rainbow trout. This extrahepatic expression suggests that WAT Vtg may play a role in providing components to the ovaries in the early stages of vitellogenesis. It remains to be determined whether the ability to express Vtg in teleost adipocytes represents a physiological convergence with insect fat body cells or was acquired from their common bilaterian ancestor.
